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SUMMARY

The purpose of this program--under Contract No. NAS3-23165--was to assess an-
alytically the consequences of using broad-property fuels in both conventional
and advanced state-of-the-art small gas turbine combustors. Predictions were
made tregarding the extent to which these fuels affected performance, emissions,
operational characteristics, and durability of these small combustors. Five
fuels, Jet A, ERBS 12.8, ERBS 12.3, ERBS 11.8, and DF-2, were selected to rep-
resent the range in fuel properties that may characterize small gas turbine
fuels in the late 1980s and beyond.

Eight combustor concepts were initially selected for considerations in this
program. Three of the combustors represented modifications to the existing
baseline combustor (a current production combustor from the 250-C30 engine).
The remaining four combustors represented advanced concepts. Each combustor
concept was defined through the preliminary design phase to determine general
sizing, basic dimensions, hole sizes, and airflow distribution.

Selection cf four combustor concepts for further detailed analysis was made
objectively on the basis of the merits of each of the eight combustor concept
candidates. A total of 17 concept selection criteria were established in five
major areas for evaluation: fuel systems, performance, emissions, system ef-
fects, and development time and cost. Four combustor concepts were considered
to have sufficient merit to warrant further analysis. These included the
pressure fed dual orifice injector baseline combustor (as a control concept
for the analysis), two baseline airblast injected modifications, the short and
piloted prechamber combustors, and an advanced concept--the airblast injected,
variable geometry air staged combustor.

Final predictions--regarding the effect of the five fuels on performance,
emissions, durability, and operational characteristics of the four selected
final combustor candidate concepts-- employed the use of the STAC-1 computer
code developed during this program. This quasi 2-D streamtube (surrounding a
central recirculation zone) type model includes real fuel properties, effects
of injector type on atomization and drop size distribution, detailed droplet
dynamics, and multistep chemical kinetics. The model was specifically devel
oped to assess combustor performance, unburned hydrocarbon, carbon monoxide
and thermal nitric oxide emissions, ignition and lean-blowout characteristics,
and pattern factor trends when operating over a wide range of fuels. The com-
puter code predicts these combustor traits as a function of combustor concept,
operating condition, and fuel type.

Analysis of the processes occurring within the combustors indicates that al
though the impact of fuel type on combustion performance and liner durability
is small in comparison with the effects of combustor concept, liner geometry,
and combustor operating conditions, it is nevertheless of sufficient magnitude
to warrant serious consideration.

In general fuel property effects on various combustor concepts can be classi
fied as chemical or physical in nature. Predictions from STAC-1 and correla
tions indicate that fuel chemistry, as delineated primarily by hydrogen con
tent, has a significant effect on flame radiation, liner wall temperature, and
smoke emissions.




Fuel physical properties that govern atomization quality anAd evaporation rates
are predicted to affect ignition characteristics, lean-blowout limits, combus-:
tion efficiency, unburned hydrocarbon, and carbon monoxide emissions. Just as
these parameters, and thermal nitric oxide emissions, are predicted to be
nearly unaffected by fuel chemistry, flame radiation, liner wall temperature,
smoke emissions, and even thermal nitric oxide emission are predicted to be
sensible independent of physical properties. Thermal nitric oxide emission is
important only at high power levels and neither the chemical nor physical pro-
perties of the fuel have significant effects on this type of NO, formation

in this operating regime. Thermal nitric oxide formation 1s predicted to be
dependent primarily on the combustion gas temperature and available oxygen
concentration. Fuel bound nitrogen effects with respect to NO, production

are not significant for the fuels considered in this report.

Fuel chemistry also is predicted to have no direct influence on pattern fac-
tor. F¥Fhysical properties affect the pattern factor at low power through de
creased evaporation of the spray. The importance of the effects of this phys
ical property diminish with engine power becoming very small at the highest
power setting where the effect of pattern factor on engine life is most signi-

ficant.

Finally, STAC-1 predicted results clearly indicate that any deteriorated per-
formance characteristics of the ERBS fuels and DF-2, as compared with Jet A,
are primarily due to the physical properties of the fuels as they affect atom-
ization. The thermodynamic properties of the fuels, therefore, have little
effect on performance; however, the physiral properties, viscnsity, surface
tension, and liquid density, as they affect the atomization process, also de
termine the level of performance.

As expected, the combustor candidates that employ hybrid airblast atomization
are prcdicted to be less sensitive to the properties of alternate fuel type,
and performance deterioration can be nearly negligible.

The four combustor concept candidates were analyzed by STAC-I (or combina
tions of STAC-1 results and correlations) and ranked, relative to one another
with respect to fuel type sensitivity, according to their predicted combustion
efficiency, emissions, ignition and lean- blowout characteristics, liner wall
temperature and durability, and pattern factor.

With respect to combustion efficiency, unburned hydrccarbon, and carbon mon-
oxide emissions, the relative ranking order of the combustors was unchanged:
variable geometry, short prechamber, piloted prechamber, and basecline.

The airblast injected combustors were clearly superior to the baseline combus
tor and their overall performance was nearly identical.

Both the baseline and variable geometry combustors exhibited better predicted
ignition and lean-blowout stability characteristics than either the piloted or
short prechamber combustors.

Combustor concept ranking with respect to liner wall temperature effects,
thermal nitric oxide, and smoke emissions was predicted to be a function of
the individual combustor's internal combustionu gas temperature. The ranking




of the combustors is, therefore, in inverse order ot their combustion gas tem
perature: variable geometry, piloted prechamber, short prechamber, and basc:
line.

Liner wall temperature «ffects as a function of fuel type would be minimized

for the airblast injected concepts since they are to be constructed of Lamil-
loy, which provides enhanced cooling effectiveriess. Scot emission (smoke) is
expected to be low for these three combustors, ryain due to their use of air-
blast injection. The variable geometry combustor exhibited a clear advanlage
in regard to decreased thermal nitric oxide emission.

The predicted pattern factor of all three airblasl injected combustor concepts
was superior to that of the baseline combustor, reflecting the increased spray
evaporation rate for all fuel types. Predicted pattern factor differences be
tween the piloted and short prechzmber concepts was very small, followed close
ly by the variable geometry combustor. The baseline combustor was predicted
to exhibit considerable sensitivity -o fuel type.

On an overall basis, without regard to cost or operating complexity, the
analyses would rank the combustors in this order: variable geometry, piloted
prechamber, short prechamber, and baseline

The piloted prechamber combustor exhibited a clear, but admittedly small, ad-
vantage with respect to ignition and lean-blowout stability, and thermal
nitric oxide emission compared with the short prechamber combustor.

When cost and/or operating complexity is included in the analysis, the order
of ranking would change: short prechamber, piloted prechamber, variable
geometry, and baseline.

The short prechamber concept represents a very simple modification to the
baseline combustor, while the variable geometry would require extensive con-
trols for fuel and airflow rate scheduling.

The conclusions from this study indicate that combustors can be modified easily
to operate satisfactorily when projected future fuels are used as the energy
source for the gas turbine engine. However, other factors such as potential
fuel tank freezing should probably be given more consideration than combustor
requirements when official fuel property specifications are established.
Technical and cost considerations indicate that it will pe simpler and les
expensive to modify the combustor to meet future fuel specifications than it
will be to modify most other engine/airframe systems.

At least one or two of the final airblast injected combustor candidate concepts
{short and/cr miloted prechamber) should be constructed and a test program in:
itiated to evaluate and verify the predictions resulting from the STAC-1 com
puter code.




{. INTRODUCTION

The supply, qualily, and cost of future aviation gas turbine fuels may be ad
versely affected by diminishing crude oil supplies, increased demand for mid-
distillates, and deterioration in the quality of the crude oil supply. To en
sure a continuing supply of aviation fuel, use of jet fuels with a broader
range of properties may be necessary in the future,

The use of fuels with broad ranges of properties in small gas turbine engines
by the general aviation industry could adversely affect engine pevformance,
combustor durability, and reliability. These general aviation engines, which
have their nwn special problems and requirements, werc the subjects of this
analytical study.

The nurpose of this program--under contract No. NAS3-23165--was to analytical-
ly assess the consequences of using broad-property fuels ir both conventional
and advanced state-of-the-art small gas turbine combustors. Predictions were
made regarding the extent to which these fuels affected performance, emis-
sions, durability, and operational characteristics of these small condustors.
For this program five fuels representing the range in fuel properties that may
characterize small gas turbine fuels in the late 1980s and beyond were select-
ed.

A series of eight combustor concepts were initially selected for consideration
in this program. These combustors represented three levels of technology.

The current production combustor from the small gas turbine engine selected
for this study represented the first level; three combustor concepts repre
senting baseline combustor modifications, which could be easily substituted
for the existing baseline combustor, were considered to reflect a second level
of technology. Finally, four advanced combustor concepts, which could depart
significantly from the baseline combustor design and which were to exbhibit
tolerance to alternate fuel types while providing improved perfornance, were
selected as representative of the third level of technology.

Fina. predictions- -regarding the effect of the five fuels on performance,
emissions, durability, and operational characteristics of four selected final
combustor cgndidate conzepts--employed the use of the STAC-I computer code de
veloped during this program. This quasi-2-D wmodel includes real fuel proper
ties, effects of injector tyoce on atomization and drop size distribution, de-
tailed droplet dynamics, and multistep chemical kinetics. The model was spe
cifically developed to assess combustor performance, emissions, and durability
when operating over a wide range of fuels. STAC-I also serves as a design
tool for initial sizing and selection of engine combustor candidates.

1.1 ENGINE AND CYCLE CONDITIONS

Allison Gas Turbine Division is one of the world's largest producers of small
gas turbine engines for general aviation and military helicopters. Through
1983 Alliscn has produced over 23,000 Model 250 gas turbine engines. The
Model 250 engine, shown in Figure 1, evolved from the T63 engine originaliy
developed for the U.S. Army Light Observation Helicopter (LOH) competition in
the early 19¢0s
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Figure 1. Allison Model 250 turboshaft gas turbine engine.

From this military beginning the T63 engine moved into the commercial market-
place in 1963 to power the Bell 206 Jet Ranger. These original Model
250-series engiles were rated at 236 kW {317 shaft horsepower (shp)}. With
subsequent. modifications and growth steps, the engine has developed into three
majcr mcdels in production--including the Model 250-C20B, rated at 313 kW (420
shp); the Model 250-C28, rated at 373 kW (500 shp); and the Model 250--C30,
rated at 485 kW (650 shp).

The Allison Model 250 engine production now constitutes 68% of all gas turbine
engines between 298 and 820 kW (400 and 1100 shp) in use in the U.S. and 40%
of those in the world. The Model 250-series engine is recognized worldwide as
a well-tested, reliable product. Thus, the Mecdel 250-C30 turboshaft engine,
shown in Figure 2, was sclected for the baseline production engine on this
program. The Model 250-C30 is a 485 kW (650 shp) engine- -the latest in a
series of Model 250 engines produced for general aviation use. The unique en
gine arrangement of the Model 250 engine series petmits use of a highly sim-
plified combustion system consisting of a simple can combustion chamber and a
single fuel injector. The production Model 250--C30 prechamber combustion sys-
tem is shown in Figure 3.

Important mechanical features of the combustion system include the following:

o prechamber fed by axially swirled airflow

o dual-orifice, pressure atomizing fuel injector
o water shield over primary air feed holes

o film-cooled barrel

o dual spark ignitors
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Prechamber combustors have demonstrated the following advantages:

reliable altitude/cold starting
reduced emission levels

increased tolerance to water ingestion
reduced noise

o 0 00

The prechamber is a gocd candidate for burning wide specification fuels be
cause of its dual burning-zone feature consisting of the small-diameter pre-
chamber expanding into a larger-diameter reaction zone. There is a smooth
transition between the burning zones. The stoichiometry for this combustor
was designed to be fuel-rich in the primary zone to improve idle emissions. A
reaction- zone equivalence ratio of almost 1.8 occurs at the maximum power con-
dition. The measured smoke level of the combustor at ttis condition, an En-
vironmental Protection Agency (EPA) smoke number of 45, is faintly visible in
helicopter applications. The combustor operating conditions for the Model
250-C30 engine are given in Table 1.

Table I.
Model 250-C30 combustor operating conditions for LOH duty cycle
and JP-4 fuel.

Airflow rate, Burner .inlet Burner outlet

KW--shp Hp--%  Wa--kg/s (lb/sec) temperature--°C (°F) tempereture--°C (°F)
Takeof f 484.7 (650) 100 2.48 (5.47) 321 (610) 989 (1812)
Cruise 415.4 (557) 86 2 37 (5.22) 306 (582) 931 (1708)
Hover 372.9 (500) 77 2.29 (5.04) 297 (566) 899 (1651)
Air taxi 279.6 (375) 58 2.08 (4.59) 275 (527) 831 (1527)
Descent 186 .4 (250) 38 1.84 (4.05) 252 (485) 755 (1391)
Flight idle 93.2 (125) 19 0.98 (2.15) 179 (354) 560 (1040)
Ground idle 29.8  (40) 6 0.91 (2.00) 149 (300) 516 ( 960)

Trise - Burnetr inlet Corracted flow-- Fual flow, Wg-- Fuel/alr

*Cc (*m pressure--kPs (psia) W RVT/P kg/h (lb/hr) ratio
Takeof f 650 (1202) 872 (126.5) 1.4145 167.9 (370.1) 0.01879
Cruise 608 (1126) 812 (117.8) 1.4304 l48.4 (327.2) 0.01741
Hover 585 (108%) 774 (112.2) 1.4388 137.0 (302.0) 0.Cleb4
Air texi 538 (1000) 685 ( 99.3) 1.4522 113.5 (250.3) 0.01515
Descent 486 ( 906) 583 ( 84.6) 1.4716 89.5 (197.3) 0.01353
Flight idle 363 ( 68¢6) 304 ( 44.1) 1.3910 38.3 ( B4a.4) 0.01090

1.3004 31.8 ( 70.0) 0.00972

Ground idle 349 ( 660) 292 ( 42.4)




As denoted in Table I, the Allison Mode) 250-C30 engine consumes approximately
2.48 kg/s (5.5 lb/sec) of air while operating at an 8.6:1 maximum power pres
sure ratio. The combustor outlet temperature is approximately 982°C (1800°F),
allowing for future thermal growth. The Model 250-C30 turboshaft engine has
wide usage and is representative of the present state of the art; the iodel,
therefore, was chosen as the characteristic small gas turbine engine for this
study.

1.2 FUELS

To distinguish fuel property effects on various combustor designs for a gas
turbine engine, both physical and thermodynamic fuel data are required. Phys
ical data, i.e., liquid viscosity and surface tension, are used in conjunction
with injection models to determine spray drop size distribution and location.
These particular properties have been determined for many of the alternate
fuels. However, the thermodynamic and some additional physical properties of
hydrocarbon mixtures required by the spray combustion model STAC-I include, as
a minimum, the following as a function of the droplet internal temperature:

o liquid
o molal mass
o density
o specific heat and enthalpy
0 vapor pressure
o latent heat of vaporization
o vapor
o molal mass
o specific heat and enthalpy
o thermal conductivity
0 viscosity

For hydrocarbon fuels such as JP-4, JP-5, JP-8, Jet A, and DF-2, such proper
ties are tabulated or can be determined using the methods of Ref 1, 2, 3, 4,
and 5. However, the various specifications for the family of Experimental
Referee Broadened Specification (ERBS) fuels, such as ERBS 11.8 and ERBS 12.3
(weight percent of hydrogen), result from the fact that these fuels are blends.
Both of these blends are composed of different mixtures of ERBS 12.8 (which is
already high in aromatic content having a hydrogen-carbon ratio of 1.76) and a
light blending stock, which has an extremely high volumetric aromatic content
(above 80%) and a low hydrogen content--10.26% by weignt. The high aromatic
content of the blending stock is composed of very volatile compounds (more
than 20% by weight naphthalenes). As a consequence, the distillation curves
of all three ERBS blends, as presented in Figure 4, deviate considerably from
those of the more usual hydrocarbon fuels, also shown in Figure 4. The devia
tion is more pronounced for the ERKBS 11.8 and ERBS 12.3 blends below the 50%
distillation point because they reflect larger concentrations of the blending
stock. Above the 50% distillation point, all of the FKBS blends appear to
have approximately the same properties resulting from the heavier, low vola
tility fuels from which the parent fuel, ERBS 12.8, was made.

The most definitive data obtained describing the physical and thermodynamic
properties of the ERBS fuels have been gathered through the characterization
work of F. N. Hodson at Monsanto (Ref 6) under contract to Major D. Potter,
Air Force Wright Aeronautical Laboratory (AFWAL)/POSK, Aero Propulsion Labora
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Figure 4. Fuel distillation curves using ASTM D86 method.

tory, Wright-Patterson Air Force Base, Ohio. Communications with both of
these men led to the conclusion that very few ERBS 11.8 and ERBS 12.3 thermo-
dynamic property data exist at elevated temperatures. Due to the constituency
of these fuels these properties were thought to be incalculable by the stan-
dard methods of Ref 1 through 5. 1In fact, very few ERBS 12.8 thermodynamic
data exist in this temperature regime. But due to the lack of the

blending stock, the methods of Ref 1 through 5 were thought usable to obtain
most of the thermal properties of this fuel. Thus, to model the effects of
these broad property fuels, representative fuels were initially selected that
bracket the properties of the ERBS blends and for which thermodynamic data
were available.

The fuels initially selected for use in this analysis are listed along with
some of their pertinent combustion-related characteristics in Table I1.

The DF- 2 chosen for analysis differs from that presented in Figure 4. While
the Tulsa 1981 D¥F-2 is closer in hydrogen percent by weight and aromatics per-
cent by volume to ERBS 12.3, very few thermodynamic data were available for
this particular DF-2. Further, this fuel was not representative of typical
commercially available DF-2 fuels. The DF-2 fuel chosen resulted from a

11




Table 11.
Selected broad-gpecification fuel types.

DF- 2
ERBS ERLS ERbBS (Navy fuels
JP-4 Jet A 12.8 12.3 11.8 survey, 1982)
Molal H/C 2.02 1.91 1.76 1.67 1.59 1.82
H% by weight 14.47 13.80 12.85 12.30 11.78 13.22
Aromatic % by vol 13.2 17.5 28.8 30 4% 49 .6 25.0
Stoichiometric 0.06751 0.06822 0.06924 0.06987 0.0704¢ 0.06882

weight f/a

characterization study of the erffect of fuel composition on Navy TS5¢ aircraft
hot section components (Ref 7). The thermodynamic data fo- this fuel were
available. Though it more closely resembles ERBS 12.8 characteristics, the
ASTM D8¢ method distillation data curve is nearly identical to that of the
Tulsa 1981 DF-2 fuel. The single exception is the initial boiling point (1BP).
The IBP for the selected fuel is 34°C lower (153°C) than that for the Tulsa 81
DF-2. Temperature values for the 10% distillation point and beyond. however,
are virtually identical for the two fuels.

As additional data and test results pertaining to the use of ZRBS fuels became
available (Ref 8), the ERBS fuels appeared tc be acting as normal distillate
fuels when burned in gas turbine combustors. The aromatic concentration of
the fuels did not affect temperature contours appreciably within the combus-
tor; rather the enhanced heat transfer to the liner walls was due to increased
radiation flux to the walls. This radiation flux increzses as aromatic con-
centration increases; but such an effect can be computed by a heatl transfur
model that includes the effects of the C/H ratio (or H%) of the fuszl on the

flame emissivity, c.

As far as the actual combustion process is concerned, chemical reaction rates
were found to vary only slightly between the various hydrocarbon fuels of in-
terest to the aircraft gas turbine (Ref 9). This slight variation is partly
because these fuels exhibit only slight differences in adiabatic flame temper-
ature. The variation is also due to the fact that the fuels are largely
pyrolyzed to simple hydrocarbons and hydrogen entering the true reaction zone.
Hence, the gas composition in the reaction zone is substantially independent
of the parent fuel. Any differences that occur in ignition performance,
lean-blowout (LBO) limits, and ccmbustion efficiency should then be caused
mainly by differences in the physical properties, viscesity, surface tension,
and density, of the fuel insofar as they control the quality of atomization
and the ensuing rate of evaporaticn. These same physical properties, along
with critical liner design features, and the combustor operating conditions
determine the level of emissions. (With the exception of smoke, soot forma
tion is strongly dependent on fuel chemistry.)

These results prompted a review of the initial conclusions that the thermody

namic properties of ERBS 12.3 and 11.8 could not be calculated by staudard
distillate fuel techniques. Both Maxwell's (Ref 4) method of fuel property
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determination and the characterization factor (KF) techniques of Ref 2 treat a
range of petroleum fractions that consider paraffin hydrocarbons, having a
maximum hydrogen content, as one end and aromaties, which have a minimum
Lhydrogen content. as the other end.

Further, the physical properties, viscosity, and surface tension of the ERRS
fuels were well bracketed by Jet A and DF-2. The density of the ERBS fuels is
only slightly greater than that of DF-2, and the variation of density with
temperature appears to correlate well with standard hydrocarbon relation-
ships. Structural dcta, involving the composition of the ERBS fuels (Ref ¢),
were used to compute the latent heat of vaporization and molecular weight of
the three EFsS fuels and the resulting values correlated well with those com-
puted using the methods of Ref 2 and 4. Measured vapor pressures of the ERES
fuels (Ref 6) were bracketed by values of the varor pressure for Jet A and

DF-2.

One of the most important thermodynamic properties of a liquid fuel is its
specific heat. An analysis of liquid droplet heating and evaporation reveals
that the specific heat variation with temperature is one of the major controil-
ling parameters in proper prediction of these rates. When a liquid spray is
injected into hot combustion gases, the initial rate of evaporation is low,
and most of the energy transferred to the drop from its surroundings is used
in heating up the drop. As the liquid temperature rises. the vapor concentra-
tion at the drop's surface increases, and a larger proportion of the heat
transferred to the drop is used to supply the latent heat of vaporization.
Eventually the drop may attain its wet bulb temperature, and from then on, the
rate of evaporation will remaiu nearly constant at its maximum value.

If, however, the liquid fuel's specific heat variation with temperature dra:
matically increases the value of specific heat, the rate at which the liquid
temperature rises is clow enough %o iwpede the evaporation rate of the drop-
let. Application oi the methode of Ref 2 and 4 to ccmpute the specific heat
of the ERBS fuels failed to correlate with the measured values as recorded in
Ref 6. This lack of correlation was initially responsible for the belief that
the ERBS thermcdynamic fuel properties could not be calculated by standard
hydrocarbon correlations. - Further investigation of the ERBS specific heat
values reported in Ref 6 indicated, however, that their variations with tem:
perature increased at a rate 2.5 to 5.5 times that of the specific heat varia
tion with temperature of Jet A. Thus. at typical hydrocarbon wet-bulb temper-
atures of 288 to 316°C (550 to 600°F), the extrapolated ERBS specific heat
values of Ref ¢ were more than twice that of Jet A (or other hydrocarbon
fuels). This value of the ERBS specific heat was high enough to cause the
droplet evaporation rate to be negligibly low. (The evaporation rate depen
dence on temperature is not linear as the vapor pressure is an exponential
function of temperature.) 1In fact, a combustion analysis of the ERBS fuels
using the measured value of specific heat variation with temperature indicated
that the combustor flow field would not sustain a flame at normal operating
conditions.

Frivate communication between Gary Seng of the NASA Lewis Research Center fuel
labs and R. D. Sutton resulted in a resolution of the problem. Calibration of
the Ref ¢ instrument used to measure the specific heat value of the ERBS fuels
indicated that a significant error had been present during the measurements.

Removal of this error resultced in specific heat values for the ERBS fuels that
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correlated well with those computed using the methods of Ref 1 through 5. The
enthalpy of the liquid fuels was obtained by integrating specific heat with
respect to the thermochemical reference standard state of 298°K (77-F) and
adding the enthalpy of formation of the liquid at this standard state.

Nc measured data exist for the thermodynamic or physical properties of the
ERBS fuels in their vapor state. Howsver, since the liquid properties of the
ERBS fuels correlated well with standard liquid hydrocarbon correlations, the
vapor properties of the ERBS fuel were computed using standard vapor hydro
carbon correlations.

Both the liquid and vapor properties of Jet A, ERBS 12.8, 12.3, 11.8, and DF-2
are presented in graphical form as a function of temperature in Appendix A.
The correlations used to obtain the variation of the individval properties
with temperature are also listed. Properties for JP-4 are rot presented be
cause the properties of Jet A ad DF-2 effectively bracket most of the pro-
perties of the ERBS fuels.

1.3 COMPUTER ANALYSIS MODEL- -STAC-I

Prediction techniques must be established for accurately estimating, for any
given combustor, the impact of any change in fuel specification on hardware
durability and the key aspects of combustion performance. A complicating
factor in the attainment of this goal is that the effect of a change in fuel
properties is not constant for all combustors but varies between one combustor
and another, due to differences in operating conditions and differences in de
sign. For example, the effect of an increase in carbon/hydrogen ratio on
liner wall temperature is much greater for combustors featuring fuel-rich pri-
mary zones than for combustors in which the primary zone is fuel-weak. This
is because with tvich primary zones most of the heat transferred to the liner
wall is by radiation, which is proportional to ¢T4. Thus, liner wall temper-
ature is dependent on the flame emissivity, ¢, which, in turn, is dependent

on the C/H ratio of the fuel. With fuel-weak primary zones, however, most of
the heat transferred to the liner wall is by forced convection. Here the dom-
inant term is the gas temperature, T,, which is fairly insensitive to changes
in C/H ratio. 1In consequence, quite large changes in C/H ratio produce only a
slight effect on liner wall temperature.

Another complicating factor is that the various properties and characteristics
of petroleum fuels are so closely interrelated that it is virtually impossitle
to change any one property without affecting many others.

The objective of this program is to advance combustion technology, relative to
small gas turbine engines, through an analytical study evaluating the impact
of broad property fuels on the performance, emissions, and durability of con:
ventional, modified conventional, and advanced combustor systems. In recogni-
tion of this objective and because of the complicating factors, the use of
empirical correlations to assess all aspects of such an impact was considered
to be unsatisfactory. Empirical correlations to assess the effects of fuel
compositionr on various gas turbine combustors are useful when experimental
data are available. An excellent example of such use of empirical correla
tions is the work of Lefebvre (Ref 9). However, satisfactory correlation of
the data to physical phenomena requires the adjustment of constants within the
derived empirical expressions. These constants are, in general, specific to




the set of data being analyzed (i.e., the fuels, combustors, performance,
emissions, and durability factors that comprise the data set) and, in most
cases, specific to the individual combustor being analyzed. The variation in
the values of the constants obtained from different combustor types virtually
prohibits the extrapolation of predicting fuel effects on the performance,
emissions, and durability of future combustor designs.

As this study is concerned primarily with analytically evaluating the impact
of fuel effects on future combustors (for which no experimental data exist), a
generalized computer model was specifically developed to determine the neces:
sary size, configuration, and durability of combustors required to meet per-
tormance and emission standards while cperating over a wide range of fuels.
The model was used to assess concept trade offs relating to each of four com-
bustor candidates selected from the eight initial concepts. The initial
selection process, semi-quantitative in nature, is described in the following
section. The formulation of the computer model and its application to the
four final concept combustors are discussed in Sections III and IV of this

report.

The quasi-two-dimensional (2-D) streamtube analysis in combustors, version I
(STAC-1), codz was designed to bridge the gap between nonrealistic, perfectly
stirred global reactor concepts and full three-dimensional (3-D) codes that
emphasize detailed aerodynamics and are better utilized to define the flow
field within and required modifications to existing combustors. For example,
STAC-1 can analyze and evaluate a proposed new combustor design with respect
to size, predicted performance, and emissions in approximately 5 to 10 min.
This same evaluation would require up to 2 hr or more of computer time if one
of the 3-D codes were used.
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I1. COMBUSTOR CONCEPTS

Eight candidate combustors were initially selected for the Allison Model
250-C30 gas turbine engine. Four of these concepts were analyzed with the
combustor model, STAC--1, to assess their tolerance to broad property fuels.

The purpose of this section is to discuss the selection of the four combustor
concepts that were considered to have sufficient merit to warrant further
analysis. The eight preliminary combustor concepts consisted of the baseline
production Model 250-C30 combustor, three concepts that were simple modifica
tions to the baseline combustor, and four advanced combustor concepts. A list
of these eight combustor concepts appears in Table I1I.

Table I111.
Eight preliminary combustor concepts selected for Model 250-C30.

Concept
Number Classification Concept Name/Description
1 Baseline Production Model 250- C30
2 Baseline mod Short precnamber
3 Baseline mod Lean prechamber
4 Baseline mod Piloted prechamber
5 Advanced design Reverse flow
¢ Advanced design Annular primary
7 Advanced design Variable geometry air addition
8 Advanced design Staged fuel

2.1 DISCUSSION OF PRELIMINARY CONCEPTS

Each combustor concept was defined through the preliminary design phase to
determine general sizing, basic dimensions, hole sizes, and airflow distribu
tions. An aerodynamic analysis was performed on the baseline combustor to de
fine individual airflows entering the combustor liner. The remaining seven
concepts adjusted individual airflows by area ratios. A semi-quantitative
stoichiometry zonal analysis was defined for each concept to permit fuel/air
ratios and equivalence ratios to be computed for each internal zone (e.g.,
primary, intermediate, dilution, recirculation, etc). All of these analyses
were performed assuming the combustors were burning a typical JP-4 fuel.
Effects due to fuel property variations were computed by STAC-1 for the final
four combustor concepts.

2.1.1 Concept 1--Baseline Model 250-C30 Combustor

The production combustor system for the current Allison Model 250-C30 enginc
is a single can-type combustor that directly feeds the first-stape turbine
vane annulus. Components in the combustor system are identified in Figure 5.
The can combustor is a prechamber type design that has been developed at

Allison and has demonstrated exceptional combustion stability against lean
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blowout and engine water ingestion. The prechamber functions as a fuel/air
premixing region that then supplies the swirl-stabilized, abrupt-expansion
primary zone in the combustor liner. The production fuel nozzle is a dual-
orifice, pressure-atomizing injector. The fuel nozzle and the axial swirler
comprice the entrance area of the prechamber.

The combustion liner is cooled by two film-cooling baffles in the primary zone
dome and by two film-cooling corrugations along the liner barrel. Ignition is
accomplished with two surface-gap spark igniters located 90 deg apart at the
bottom of the prechamber. A water shield covering both the primary air-addi.
tion holes and the two liner film-cooling corrugations is also used to improve
the tolerance to engine water ingestion.

Aerodynamic mass flow distributions were predicted using the aerodynamic air
distribution design model, CJ-2D, for the baseline combustor at each of the
seven steady-state cperating conditions. Differences in flow distributions
among the operating conditions were negligible, so the maximum power flow
distribution shown in Figure (¢ was used for all operating conditions.

With the flow distributions defined, the stoichiometry zones for the baseline
combustor were determined as illustrated in Figure 7. ¥rom a combustion de
sign standpoint, the zones of fundamental interest are the prechamber,

CJ-2D Predicted air mass

flow distribution-percent of total
250-C30 Max power--P/N 6890981

Wy = 2.48 kg/s (5.47 Ibm/se%
Wi = 168 kg/h (370.1 1bm/hr,
AP/P = 5.13%

)

R ——
\ N
9.98 371.79 ! 5.51
T
¢
t
4.96 nn |

TEB4-1531

Figure ¢. Baseline Model 250-C30 aerodynamic analysis flow distribution.
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Figure 7. Definition of stoichiometry zones for baseline Model 250-C30
combustor.

primary, post-primary (interwmediate), and center zones. Stoichicmetries for
each of these zones were defined based on a semi-analyticai/empicical fiow
analysis employing past exverience with other combustion systems.

The average equivalence ratio, ¢, in each combustor zone is

W

£
¢ = ﬁ—/(f/aq)
a g
where
Wy = fraction of the air in that zone
We = fractional expression of the fuel in that zone as compared with

the overall fuel rate or, proportionately, the overall fuel/air

ratio (f/a,)
f/ag - stoichiometric (¢ = 1) fuel/air ratio foi: the fuel being burned

Using this definition, air and fuel flow proportions were defined for each
zone. From these definitions the average zone equivalence ratios were comn-
puted. In the following analysis, simplifying assumptions have becn nade.
Only one, thin, hollow svuray cone is assumed to flow from the fuel injector.
This spray cone mass is "initially presumed” to flow through the prechamber
and primary zone without loss of mass to the plane of the primary jets. There
a certain percentage of the spray cone mass is entrained by the primary jocts.
This entrainment is denoted 2s primary hole blockage (PHB) and is computed in
the following manner. The diameter of the thin spray cone at the primary jet
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plane is assumed to be equivalent to the combustor diameter at this planec.
Since the spray cone is considered to be thin, the proportion of the spray
cone mass entrained by the primary jets is taken as the linear ratio of the
number of primary jet nholes times their diameter to the perimeter of the com
bustor at this plane. That is, the entrainment, or PHB, is:

Number of primary jet holes x diameter hole
1 x diameter combustor

PHB =

Of this entrained spray mass, half is assumed to recirculate and enter the
primary zone. The remaining half of the entrained spray mass flows downstream
inte the cent:r zone. This same proportion applies to the primary jet flow;
half is assumed to recirculate into the primary zone and the other half flows
into the center zone. Simple bookkeeping now indicates that, of the spray
cone mass, (1 - PH3) of it is available for reaction in the prechamber and

(1 - PHB + PHB/2) = (1 - PHB/2) is available for reaction in the primary zone
and post primary zone. These results occur, of course, due to the initial
assumption that the proportion of the total spray entrained by the primary
jets is based on 100% of the spray available just prior to entrainment. Iu
light of the other assumptions, an iteration on the amount of the spray cone
mass available at the primary jet plane is nct warranted.

Iin the analysis that follows, the equivalerce ratio of the recirculation zone
and the center zone are assumed to be the same. The recirculated combustion
products shown in Figure 7 are not considered. Further, no pilot spray (as
from an actual dual orifice injector) is considered. A portion of this spray
flew, if it were present, would enter the recirculation zone and, in combina-
tion with the entering portion of the primary jet air and recirculated combus-
tion producis, increase the equivalence ratic of the recirculation zone and
enhance both ignition and lean-blowout chacracteristics of the combustor.
Finally, the concept of a center zone downstream of the recirculation zone,
and into which half of the primary jet flows, is simply an artifice to permit
the computation of the approximate equivalence ratio of the prechamber and
primary zones. As each of the combustor candidates was analyzed and ranked
using the same approximations, errors incurred through lack of detailed flow
field information were thereby greatly diminished. Thus, the analysis and
ranking procedure described in the following is considered quite valid. A
full, detailed flow analysis of the final four selected combustor candidates
was performed using STAC-I (see Sections I1l1 and IV) and, in general, tended
to cenfirm the order of ranking

The following are the airflow and fuel flow definitions for the baseline com
bustor; f( ) in the following equations vepresents the fraction of the totai
airflow.

1. Prechamber

W,(1Y = f(swirler) + .(ferrule) + f(fuel nozzle)
= 0.1290 + 0.0084 + 0.0029
= 0.1403

21




We(l) = (1 - primary hole blcckage) * f/a,
= (1L - 6 % 0.563/(1*5.696)) * 0.0188
= (1 - 0.1888) * 0.0188
= 0.0153

Example calculations presented for We(l) and ¢ (1) in the following were
performed for the maximum power operating condition (e.g., f/a, = 0.0188):

¢ (1) We(l) /(W (1) * £/ay)
0.0153/7(0.,1403 * 0.067920)
1.6005

h

# 8

Values used in these equations are given in the upper portion of Table 1V,
The lower portion of this table shows the zonal sirflow, fuel flow, and equi-
valence ratios for each ¢f the seven steady-state operating conditions. Note
that the film-cooling from the corrugations is not assumed Lo mix into any of
the zones analyzed:

2. Primary zone

Wo (2 Wall) + 1/72*% f(primary) + 1/4 * f(dome cooling)
We(2) = (1 - 1/2 * primary hole blockage) * f/a,

3. Post-primary zone

Wa(3) = Wg(l) + 1/2 * f(primary) + 1/2 * f{dome cooling)
We(3) = We(2)

4. Center zone

172 * f(primary)

Wg (4)
1/2 * primary hole blockage * f/s,

We(4)

[

Using the numerical results from Table 1V, the combustor prechamber and pri-
mary zones have the following average equivalence ratlios (neglecting pilot
flow): :

Erechamber Primary zone
Takeoff 1.60 1.09
Ground idle 0.86 0.58

Thus, when the fuel rate in the baseline combustor drops to very low levels,
as at idle, the prechamber iretains an adequately rich fuel/air mixture that,
when coupled with the recicculation zone (fueied with pilot spray flow) cre-
ated by the swirl flow field and abrupt expansion flame stabilization, results
in a very stable pilot region. It is this stability feature of the prechamber
that allows it to behave as a premixing region at high power levels when the
fuel carries into the primary zone or as a piloi region wheu the fuel rates
are low and combustion occurs in the prechanber.
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2.1.2 Concept 2--Short Prechamber Combustor

The short prechamber combustor, shown in Figure 8, is very similar to the
baseline. The distinguishing features are as follows:

slightly reduced prechamber length
increased prechamber swirl
airblast fuel injection

advanced cooling (Lamilloy®%*)

[« 2N« I o I o]

The prechamber length reduction combined with increased prechamber swirl will
provide more stable performance by avoiding prechamber wall fuel wetting,
which is sometimes experienced on the baseline combustor and can cause unde
sirable performance variations. The short prechamber will therefore be used
on all of the remaining prechamber configurations.

The airblast fuel injector will provide reduced fuel droplet size and improved
fuel dispersion into the combustion air. This improved fuel/air integration
will exist at all operating conditions. The airblast fuel injector is there-
fore a fundamental improvement that will be used on all of the remaining con-
figurations, whether or not they retain a prechamber.

The lLamilloy advanced cooling scheme will be used in the short prechamber de
sign to overcome two shortcomings “n the baseline combustor. First, exhaust
emissions (CO, UHC, and smoke) would be reduced since Lamilloy does not quench
and directly transport to the turbine incompletely oxidized components near
the liner wall as does the film cooling system on the baseline combustor. By
keeping these components in the reacting environment, they should continue to
react toc completion, resulting in significant lowering of exhaust pollutants.
Second, the Lamilloy cooling system does not interfere with the primary zone
aerodynamic recirculation pattern as does the aft flowing dome film-cooling
system on the baseline combustor. This improvement in primary zone recircula
tion should improve lean blowout stability and low power combustion efficiency.

Zonal analysis definitions for the short prechamber cc¢mbustor were identical
to the baseline combustor, with adjustments made in flow distributions to ac-
count for differences in fuel nozzle and cooling flows. The equivalence ra-
tios for the short prechamber were the following (again in the absence of a
simplex pilot combined with the airblast main injector):

Prechamber Primary zone
Takeoff 1.49 1.04
Ground idle 0.80 0.56

The short prechamber design appears to be an excellent candidate combustor
that incorporates some simple improvements to an already good combustor and
should produce a low-emission, fuel tolerant, stable combustor system.

*Lamilloy is a registered trademark of General Motors Corporation.
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2.1.3 Concept 3--Lean Prechamber Combustor

This modified baseline concept is shown in Figure 9. This concept is similar
to the short prechamber design, but additional air is introduced into the
prechamber by means of a radial inflow swirler to achieve a leaner prechamber
equivalence ratio. This will result in improved smoke control with the low
hydrogen broad specification fuels. Operation of this type combustor on other
experimental programs demonstrated excellent mixing efficiency and performance
potential at the design point with aivblast fuel injection and radial and
axial air entry swirlers.

Zonal analysis definitions for air and fuel remained the same as for the base-
line combustor, again with the air distributions adjusted to produce a leaner
primary zone. Equivalence ratios for the lean prechamber were the following
(apain in the absence of a pilot flow):

Prechamber Primary zone
Takeoff 1.07 0.93
Ground Idle 0.57 0.50

Because the primary zone is leaner to reduce smoke and NO, emissions, the
range of satisfactory performance at low power and the range of lean blowout
stability is somewhat compromised. Thus, this design may not perform as well
overall as the short prechamber (Concept 2), which maintained the higher zonal
stoichiometries.

2.1.4 Concept 4--Piloted Prechamber Combustor

This modified baseline concept is shown in Figure 10. The principal design
objective of this concept is to accomplish improved prechambe. piloting with a
single centerpoint fuel injector. 4s illustrated, the pilot stage is fueled

by a narrow spray-angle pilot tip. The pilot fuel spray eng:ges a small amount
of air entering the prechamber through a conventional axial swirler. The pilot
zone flame stabilization is improved over conventional prechambers by the pre-
chamber wall divergence, which sets up recirculation and flame stabilization

in the swirling flow field.

The main zone is fueled by a very wide spray angle airblast atomizer. The
main zone fuel is deposited on the prechamber walls by the wide fuel spray
angle and the prechamber swirling flow field. Subsequently, the main zone
fuel is airblast atomized from this surface into the main combustion zone by
the main zone swirling air. This "wall film" fueling method has grovided out-
standing performance in several Allison advanced combustor programs. This
arrangement ensures that the pilot zone is not overfueled by the main zone
fuel. In effect, the piloted prechamber combustor is a staged combustor with
the fueling simplicity of a single zone combustor. The staged comtustion al-
lows good idle and ignition performance from the pilot combustion zone. The
main combustion zone also achieves excellent performance because this zone may
be sized for lean conditions for low smoke, uncompromised by ignition and low
power requirements, that are met in the pilot combustion zone.
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The main stage ~an achieve additional perfoirmance gains from fuel preheating
and prevaporization resulting from the elevated pilot-side temperatures. The
staged combustion characteristics of the piloted prechamber combustor in con-
junction with its mechanical simplicity represents a definite combustor tech
nology advancement.

The success of the piloted prechamber depends on the successful design and in-
tegration of the multiple orifice fuel nozzle. 1Initial designs of the fuel
system used a two (or dual) orifice fuel injector--one orifice for the pilot
and one orifice for the main flow. For good stoichiometry conditions at high
power the main zone should operate at equivalence ratios of one or less. If
both main znd pilot nozzles operated at idle, then the main nozzle received
insufficient fuel rates for stable operation. If the pilot orifice flowed all
of the idle fuel with the main nozzle off, then at high power the pilot was
overly rich creating excess smoke and NO,. Thus, the solution evolved to a
three orifice or triplex fuel nozzle incorporating idle, low, and high power.
To control the local stoichiometries, the nozzle requires a valving system
that directs fuel to the proper orifices as a function of power level or fuel
pressure level.

The desired fuel nozzle operation is shown in Table V for various operating
conditions.

Table V.
Fuel nozzle operation.

Fuel nozzle orifice

Pilot Low power High power
Start On On Off
Idle on On Off
Descent On of f Oon
Cruise Oon of f Oon
Takeoff On off On

The pilot orifice flows as soon as pressure is applied to the nozzle and con-
tinues to flow at all conditions. The low- power (idle) orifice is sized in
conjunction with the pilot nozzle to flow enough fuel to operate the engine at
either ground or flight idle conditions (32 or 38 kg/h [70 or 84 lb/hr])).
Above idle fuel rates (pressures) the low-power nozzle shuts off as the high
power nozzle opens. This occurs in such a manner that there are no flow de
creases with increasing fuel pressure. By the time the descent fuel flow
level is reached (89 kg/h [197 1lb/hr]), the low- power orifice is off and the
high power orifice is on. At this and all higher fuel flows only the pilot
and nigh-power orifices flow fuel. The pilot and low power orifices consti
tute the piloted, narrow-angle fuel spray, thus effectively being a dual ori-
fice pilot whose secondary opens and then closes as fuel pressure increascs.
The high-power (main) orifice is the wide angle spray orifice that supplies
the main primary zone. The fuel nozzle orifice schedules, for all three ori
fice flows, are presented in Figure 11.
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The average zonal equivalence ratios for the piloted prechamber combustor us-
ing the special triplex fuel nozzle described are the following:

Prechamber Pilot Main primary
Takeoff 2.32% 0.79 0.99
Ground Idle 1.20 1.23 0

*due to the presence of the largely unreacting main nozzle wall-
filming flow

The prechamber in this case is the dome of the piloted section accounting for
airflows from the fuel nozzle and adjacent axial swirler and the total injec-
tor fuel flow.

New internal zores and air and fuel proportions were established for this
piloted prechamber design to be more representative of the expected internal
flow patterns. The center zone becomes a true pilot zone operating indepen-
dently from the main zone. As described, both the piloted and main zones are
expected to operate relatively lean at high power. With all of the fuel
constrained to the pilot region at low power, the combustor should exhibit
high stability and have good lean-blowout characteristics.

2.1.5 Concept 5--Reverse Flow Primary Combustor

This design, depicted in Figure 12, employs a primary-zone film cooling air
flow reversal. In this technique, the primary zone cooling air is also
utilized as combustion air. Additional combustion air is supplied by the air--
blast fuel injector, the dome swirler, and the primary jet air holes. This
design concept is a fundamental improvement in cooling air management. Cool-
ing air is generally bad for most ccmbustion aspects because the reactions are
quenched in the cooling air layer, thereby promoting CO, hydrocarbons, soot,
and smoke. By reversing the cooling flow direction, these unburned products
are returned to the combustion zone where the reactions can be completed, and
the advanced cooling technique (Lamilloy) used on the other concepts is not
required.

The reverse flow combustor concept is in production on the Allison Model 501-K
industrial engine. This engine has met the stringent air pollution and smoke
requirements that accompany a wide range of fuel usage in industrial gas tur-
btines.

The excellent performance potential of the reverse flow combustor concept for
the Model 250-C30 engine is based on results achieved in the NASA program Pol
lution Reduction Technology Program, Turboprop Engine -Phase 1, Ref 10.
Especially noteworthy is the low smoke No. of approximately 7, obtained over
the entire engine operating range.

The internal stoichiometry of the reverse flow combustor should be improved

over the baseline combustor. The equivalence ratios entering the combustor,
comprised of the fuel nozzle and swirler air plus the fuel itself, are high as
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shown, as is the center zone (more properly, the recirculation zone), which
should provide for greater LBO stability. These calculations do not include a
simplex pilot flow.

Fuel nozzle/swirler Primary zone
Takeoff 2.52 1.10
Ground idle 1.36 0.59

2.1.6 Concept 6-—-Annular Primary Zone Combustor

This new design concept is presented in ¥igure 13. An annular combustor pri-
mary zone is employed in place of the current can-type primary zone. Airblast
fuel injection is alsc employed. The airblast swirl air is supplemented oy
primary jet holes. The annular combustor zoncept has fuel injection from many
points so that the mixing scale is greatly reduced compared with a single fuel
nozzle can. These factors allow improved fuel/air mixing compared with the
baseline can-type combustor. As 2 resu.t, improved smoke conirel may be ex-
pected with this concept. The more uniform primary zone shouid produce a more
uniform exhaust temperature profile vten compared with a single fuel nozzle
can such as the baseline combustor.

The negative aspects of this design are the increased liner surface/volume
ratio, which requires additional air for cooling, and the problems associated
with the increase in the number of fuel nozzles--from one in the baseline com-
bustor to six for this annular primary zone design. The maximum engine fuel
flow of 167.8 kg/h (370 lb/hr) is easily handled by the single fuel nozzle in
the baseline combustor as is the idle fuel rate of 31.8 kg/h (70 lb/hr). The
six fuel nozzles in this annular primary zone concept will each inject one-
sixth of the total fuel flow: 28 kg/h (61.7 lb/hr) at takeoff and 5.3 kg/h
(11.7 1b/hr) at ground idle. Therefore, the orifices in these low flow noz-
zles will be about 40% of the diameters in the single-nozzle combustor. Plug-
ging of these fuel nozzles, thus can become more of a problem unless addi-
tional fuel filtering is added to the system. The lower fuel flow rates per
nozzle can also result in longer cvesidence times in the combustor inlet en-
vironment and become a problem for fuels having low thermal stability.

Because of the high surface/volume ratic in the primary zone of the liner,
Lamilloy cooling is considered mandatory for this type of combustor. Cooling
of this annular primary zone concept, even with the use of Lamilloy, will re
quire 30% of the total airflow ccmpared with the Lamilloy cooling-air flow
rate requirement of 14% fer Concept 2, the short prechamber.

Internal stoichiometries for Concept ¢ are quite similar to the baseline com-
pustor, again a simplex pilot fuel flow has been neglected.

Fuel nozzle/swirler Primary zone
Takeoff 1.84 1.07
Ground idle 0.95 0.57
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A considerable degree of complexity in associated with the combustor in thisg
concept. This may well be in excess of the needs required for proper combus
tion of the types ot fuel:s bein_ consldered in this study.

2.1.7 GConcept 7--Variable Geometry Comdustor

This new decgign concept is slown in Figure 14. This concept is similar to tha
baseline design, but additional air is used in the prechamber to attain a lean
zone in this arvea for improved smoke control with the low hydrogen broad spe
cification fuels. The additional air is added by means of a radial inflow
swirler in the prechamber. Variable geometry on the dilution holes and radial
inflow swirlers is employed to accomplish primary zone airflow changes, there
by achlieving optimum performance over the complete combustcr operating range.
The variable geonitiy system provides a small amount of combustion zone air-
flow at low power and ignition conditions. At high power, a large combustion
zone airflow is employed to control smoke.

The variable geometry combustion air control can provide essentially optimum
pervformance at all operating conditions. However, the increased complexity of
this zoncepl is less attractive for engine application. It is very likely
that the program goals can be met with less complex combustors. The perfor-
marice potential of the variable geometry combustor concept is similar, but
superior, to the lean prechanber combustor concept previously discussed.

Allison has had 12 years of experience with various forms of variable geometiy
on autoumotive gas turbine engines where the variable geometry air staging was
used to control engine exhaust emissions. Additional experience has been
accumulated on aircraft gas turbine engine programs. A variable geomelry com-
bustor was rig tested on the NASA program Pollution Reduction Technology Pro-
gram, Turboprop Engine- -Phase 1 (Ref 10). Also an Allison Model 250-C20B gas
turbine engine (pradecessor to the Mudel 250-C30) was tested with a variable
geometry combustor ducing the Army AMRDL contract Low-Emissions Ccmbustor
Demonstration, 1976 (Ref 11). On tne engine used in this program the variable
geometry was two position for low- (starting/idle) and high-power (cruise/
takeoff) optimization. Actuation was pneumatic and was triggered by a speed
switch on the engine. The engine was successfully operated on a dynamometer
test stand from idle to takeoff power.

Internal stoichiometries for the variable -geometry coibustor employ an equi
valence ratio rauge of about 2.5 to 1. The simplex pilot fuel flow {(which has
been neglected) would further increase this equivalence ratio range.

Prechamber Primary zone
Takeof{ 0.713% - 2.04%% 0.68% -~ 1.48%x
Ground idle 0.39* - 1,09%* 0.36% - 0Q.80%*

*radial swirler in prechamter fully open
**radial swirler in prechamber fully closed

From these equivalence ratios, the prechamber can be maintained at near con
stant equivalence ratios of 1.0 for the prechamber and 0.80 for the primary
zone. Thus near optimum stoichinometry can be maintained at any tperating con
dition
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Tals concept o£dds control and mechanical complexity but does not compromise
the fuel system in any manner. Thus for the broad property fuels that will be
stuGied, this design should prove to be beneficial.

2.1.8 Concept B8--Stuged Fuel Combustor

This noaw designh corcept is shown in Figure 15, The concept employs discretely
fueisd prechamber and maln conbustion zones. The prechamber combustion zone
has low airfiow to achieve near-stolchiometric conditions at low power for
s00d low power and iganition performance. The main combustion zone has addi-
tional airflow to accomplish low- smoke operation at high power conditions.

The prechamber coumbustion zone emplonys airblast fuel injection with conven:
tional swirl and jet stabilization, accomplished with a short length arrange:
ment. The main combustion zone employs airblast fuel injection and swirl
stabilization in several swirl modules.

The ztaged combustor concept is very similar to the staged fuel cumbustor
developed and tested on the Allison/NASA program '"Pollution Reduction Tech-
nology Program, Turboprop Engine- -Phase I" (Ref 10).

This staged-fuel concept is a more refined version of the Concept 4-piloted
prechamber combustor. In this staged fuel design the prechambper and main com-
bustion chambetrs are separately designed and fueled with their own special
fuel systems. Tnerefore, the fuel distribution, complexity, and stability
problems discussed for the annular primary combustor (Concept 6) are ns much
ot even more of a problem with this design.

For proper operation (as was done in Concept 4) the main fuel nozzles operate
(flow fuel) only at engine conditions above flight idle or above engine fuel
rates of 45.36 kg/h (100 lb/hr). Therefore the main fuel nozzles (of which
there are six) wmust either be purged or cooled during periods when they are
not flowing fuel to avoid coking and fouling of the fuel sysitem. Small ori-
fice sizes and low flow rates for each nozzle would continue to be problem

dreas.

Performance and emission signatures for this combustor concept should be as
pood as or better than any other concept. Thne internal stoichiometries favor
this exrelient performance expectation, which has been proved in experimental
{ests cin other ctaged combustor systems. The expected equivalence ratios for
this combustor are given in the following (again neglecting a simplex pilot
fue) flow):

Prechamber Main primarcy zone
Takeoff 0.87 1.01
Ground Idle 2.41 0

The sophistication of this decign is probably not warranted for the change in
fuel properties and the improvements beyond the baseline combustor needed for
successful operation on the propcsed fuels. Ultra-low smcke or emissions are
certainly possible for this concept, but thuse are not the overriding priori-
ties for this program.
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2.2 CONCEPT EVALUATION AND SELECTION

The selection of the four combustor concepts for further detai'ed computer
analysis were made objectively on the basis of the merits of each of the eight
combustor concept candidates. Toward this end, a concept ranking system that
considered all of the combustor system factors deemed important to the success
of this fuel property effects program was devised.

Five major classification areas for evaluation of the combustor concepts were
determined: fuel system, performance, emissions, system effects, and develop-
ment. A total of 17 concept selection criteria were assembled under these
five classifications as shown in Table VI. The fuel system category was used
to assess the potentiai effects of broad-property fuels on the candidate com

. bustor concept. The performance category consisted of operational combustor
characteristics that may be influenced by changes in fuel properties. The
emissions category assessed the relative performance of each combustor concept
with regard to the exhaust pollutants that it may produce. The systems effect

Table VI.
Task I concept selection criteria for Model 250-C30 combustor system.

Classification Criteria Maximum score

Fuel system

Complexity 8
Fuel tolerance 8

Performance
Altitude/ground starting (r2light) 8
LBO :'tability 8
Idle efficiency 8
Exit temperature pattern 8

Emissions
Smouke 8
NOy 8
CO and UHC 4
- System effects

Liner durability 8
Liner complexity 4
Cost 8
. Weight 4
Controls 4
Reliability 8
Maintainability 8

Development
Time/cost .8
Total 120
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category encompassed those aspects of combustion design and operation from a
systers viewpoint for the combustor hardware itself and the interaction of the
combustor on the rest of the engine. Finally the development of the combustor
was included to aid in selecting the concepts from a cost and time effective
ness viewpoint with regard to what may dbe required to bring each concept to
full production for the Model 250-C30 engine.

Once the selection criteria were determined, it was clear that some criteria
were of more importance than others, so a simple numerical weighting system
was chosen as shown in the right columns in Table VI (labeled maximum score).
Since eight concepts were being evaluated, a maximum score of aight was
selected for the major selection criteria.

Minor or lesser important selection criteria were given a maximum score of
half value or four.

At this point in the selection process the preliminary designs of each of the
eight candidate combustor concepis were finalized to aid in better defining
the mechanical hardware (fuel nozzles, manifolds, actuators, cooling scheme,
etc) and the internal zonal aerodynamic distributions such as those presented
for the baseline combustor (e.g., Figures 6 and 7 and Table IV). Air and fuel
distributions were determinied for each combustor concept and the internal com-
bustion stoichiometries were computed for all steady-state operating condi-
tions. Zonal equivalence ratios for each combustocr concept at takezoff and
ground idle operating conditions for JP-4 fuel are presented in Table VIIL.
Airflows were adjusted to give satisfactory compromise operation at poth take-
off and idle. Again, except for Concept 4, these zonal equivalence ratios do
not include the beneficial effects of a simplex pilot, particularly in combin-
ation with an airblast injector. Such a combination acts tc increase the

Table VIIL.
Combustor zonal stoichiometries as equivalence ratios
JP-4 fuel.
1 2 3 4 5 6 7 8
Base Short Lean Pilot Rev Annul VG Staged
Takeoff
Prechamber 1.60 1.49 1.07 2.32*% 2.52% 1.84% 0.73-2.04 0.87
Recirculation/ 0.52 0.40 0.52 0.79 0.57 0.55 0.52 0.62
Center

Main primary 1.09 1.04 0.93 0.99 1.10 1.07 0.68-1.48 1.01

Ground idle

Prechamber 0.86 0.80 0.57 1.20% 1.36% 0.95% 0.39-1.09 2.41

Recirculation/ 0.28 0.22 0.28 1.23 0.31 0.29 0.28 1.72
Center

Main primary 0.58 0.56 0.50 0.0 0.59 0.57 0.36-0.80 0.0

*at swirler/fuel nozzle exit plane
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equivalence ratio in the recirculation/center zones, where needed, enhancing
the performance characteristics of each of the combustors. This is particu.
larly true with regsrd to starting, LBO stability, and idle efficiency. Pilot
fuel flow affects were conslidered when the final fout combustor concepts were
analyzed using STAC-I.

2.3 FINAL COMBUSTOR CONCEPTS

Each of the eight preliminary combustor concepts were primarily designed to
define air distcibutions, fuel placement, lcocal stoichiometries, and hardware
complexity. Each combustor concept was subdivided into several combustion
zones and then evaluated over the engine operating range to assess zonal
stoichiometries, noting any overly lean or rich conditions. Also a 1l7-category
concept selection criteria list encompassing five general areas of classifica-
tion was prepared to allow for the scoring of each combustor concept in a rel-
ative sense.

The rating/scoring system used for the combustor concepts was the “higher-is-
better” system where each concept was rated at each of the selection criteria.
Scoring was based on past experience, supportive test data, and the stoichio-
metric calculations resulting from the aerodynamic zonal analyses. Scores
were restricted to whole numbers and duplicate scores were allowed. The final
scores for each of the combustor concepts at each selection criterion are pre
sented in Table VI11. Individual scores appear in the upper portion of the
table, subtotals are shown for each classification categoury, and final per-
centages are given at the botom,

The scotes ranged from 73 to 96, which represents (1% 80% of the maximum pos-
sible. No combustor concept was outstanding in each of the five categories,
and when one concept excelled in a particular area, it asually was lacking in
other areas. lhus each combustor concept showed compromise iv its design,
which is reflected iv the narvow range of the total scores.

The final scoring and ranking of the eight combustor conuepts are summarized
in Table IX.

In the five classification ar=2as, some conclusions resulted that are not evi-
dent from the totzl scores or the rankings.

0 Fuel System--The baseline combustor utilizes a single dual-orifice pres-
sure atomizing fuel nozzle. Therefore, the annular primary (6) and the
staged fuel (8) concepts may be less tolerant to alternate fuel types.
Fuels which have iower thermal stability than .jet A will present problems
in these cowmbustor concepts because cf the longer residence time of the
fuel in the hot environment within the combuztor outer case.

o Performance- -1t is expezted that the lean prechamter (3) will fare worst
in this category, particularly in the arears of starting, LBO stability,
and idle performance. Those combustors exhibitiag superior overall per-
formance are the piloted prechtamber (4), variable geometry (7), and siaged
fuel (8). These rconcepts have the ability to optimize performance at both
low and high power independently. The other concepts must compromise their
low and high power pecfoirmance.
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Table VII1.
Final scoring of Task 1 combustor concepts.

Concept Number 1 2 3 4 5 6 7 8
Tuei systen

Comp lexity 8 ] [} ] 8 5 6 3

Tolerance 7 7 7 6 7 4 7 3
Performance

Altitude/ground

start [ H 4 8 S 4 7 8

L8O stabiiity 7 6 4 [} 5 3 8 8

Idle efficiency 4 A 2 7 4 3 7 ?

Exit pattern 4 H] [ 4 5 7 5 5
Emissions

Smoke 3 1) 5 6 7 b 6 6

NOK 5 5 7 6 6 7 8

CO and UHC 2 2 1 k] 3 4 3
System effect

Vurabtitty 5 7 8 7 7 7 6 6

Comp lexity 4 4 3 2 ] 2 2 1

Cost 7 6 6 5 7 4 5 4

Weight 3 4 3 3 3 3 2 2

Controis 4 ) 4 4 [ ) 3 2 3

Retiabiifty 6 7 ? 5 7 5 5 L]

Maintain 7 7 7 5 7 4 q 4
Deve lopment

Time/cost 8 7 7 [} 7 4 4 4
Fue! system Subtotal 15 15 15 n 15 9 13 6
Performa:ce Subtotal 21 20 15 27 19 " 27 28
Emissions Subtotal 10 12 13 16 16 15 17 17
System effect Subtotal 36 39 38 32 39 28 26 25
Deve lopmcnt Subtotal 8 7 7 4 7 4 4 4
Total score (max - 120) 90.0 93.0 68.0 90.0 96.0 73.0 87.0 80.0
Percent of max score 715.0 77.5 73.3 15.0 80.0 &60.8 72.5 68.7
Percent of baseline 100.0 103.3 97.8 100.0 106.7 8.1 96.7 68.9
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Table IX.
Final scoring and ranking of the eight
conmbustor concepts.

Combustor
Concept
Number 1 2 3 4 5 6 7 8
Name Base Short Leean Pilot Rev Annul VG Staged
Total Scores 90 93 88 90 9% 73 87 80
(120 max)
Ranking - 2 4 3 1 7 5 6
Final
Selection + + + + +

0o Emissions--All of the concepts are expected to produce lower exhaust emis-
sions than the baseline combr'stor due to the use of airblast atomization
fuel nozzles and to improved wall cooling, which requires less total air
and will consequently quench less of the unoxidized compounds along the
walls. As was the case in the performance category, concepts 4, 7, and 8§
should excel in the emissions category since these concepts will not need
to compromise their opevation between low and high power conditions.

o System Effect--The criteria in this category all give preference to those
concepts that are simple and straightforward in design. Combustors 2, 3,
and 5 each are expected to perform as a system as well as, if not better
than, the baseline combustor. Combustors 4, 6, 7, and 8 are more complex
in design and as a consequence their overall system ranking with respect
to duratility, simplicity, low weight, reliability, and maintainability is
not as high as those of the other combustors.

© Developuent--With an eye on the relatively near term, the simpler combustor
designs, deviating less from current experience, are the more desirable de-
signs for this program. The more complex designs will require more devel-
opment time and cost.

It is, therefore, recommended that the annular primsry (6) and the staged fuel
v8) combustor concepts be dropped frcm further consideration in this program
due to their substantially increased complexity and expected reduced tolerance
to broad-property fuels. The other concepts have a sufficiently high expecta
tion of success that the higher levels of advanced technology inherent in
these two designs are not warranted.

Also, the lean prechamber design (3) should ke combined with the variahle
geometry air staged (7) concept as the high power or lean setting on the vari-
able geometry combustor resulted in very nearly the same configuration.




The reverse-flow design (5) has demonstrated excellent performance in Allison
Model 501-K industrial engines and indicated a high potential for this study.
Because of the reverse-flow aerodynamics, this concept could not be analyzed

with the computer model and was dropped from further analysis.

Thus, the four concepts evaluated for fuel tolerance with the computer model
are shown in Table X.

Table X.

Concepts evaluated for fuel tolerance with the
computer model.

Concept
Rumber Classjification Concept Name/Description
1 Baseline Production Model 250-C30
2 Baseline mod Short prechamber
4 Baseline mod Piloted prechamber
7 Advanced design Variable geometry air addition
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T1I. COMPUTER ANALYSIS MODEL--STAC-1

3.1 GENERAL FORMULATION

STAC-I is a quasi-2-D model essentially composed of streamtubes (zones) of
flowing air, unburned spray, and combustion products surrounding a central re-
circulating zone (CTRZ), shown in Figure 16. The number of external stream-
tubes (zones) may vary from one (the simplest case) to five or more. The size
of the CTRZ is determined by COSMIC, Allison's existing, axisymmetric gas phase
elliptic flow code. The amount of mass recirculating (recirculated combustion
products, air from the primary jets and/or airblast injectors, and fuel) within
the CTRZ is computed internally within STAC-I. Essentially, this is accom-
plished by performing an energy balance on the amount of mass leaving the CTRZ
and that with which it mixes in the external streamtubes.

Mass enters the CTRZ near its downstream boundary from the primary jet air and
from recirculated combustion gases from each streamtube. Fuel and additional
air (when present) enter from the upstream injector boundary. Fuel entry into
the CTRZ is usually determined by specifying that the ratio of fuel/fresh air
within the CTRZ is stoichiometric. The proportion of primary jet air entering
the CTRZ is not allowed to exceed more than 1/3 of that entering the liner
(based on comparisons with 3-D analysis). Additional mass requirements are
supplied by the recirculated combustion products. This latter amount of mass
can be substantial and the resulting equivalence ratio within the CTRZ is
normally not stoichiometric. The volume, and hence residence time of the mass
within the CTRZ, is computed, and a chemically kinetic limited, uniform CTRZ
temperature is determined. This high-t:omperature recirculated mass exits from
the upstream portion of the CIRZ and mixes with the air and fuel flowing in the
adjacent streamtubes. An energy balance on those computational cells into
which the CTRZ mass flows must result in mixed gas/fuel unreacted temperatures
sufficient to sustain ignition. This is required to avoid having a cold, non-
reacting solution propagate throughout the flow field when a combustion solu-
tion is desired. The subsequent reacted gas temperatures in each streamtube
are determined by fuel vaporization and chemical kinetics, and if a nonreacting
solution results, the program reestimates predicted higher mixed gas/fuel un-
reacted temperatures, which in turn increases the amount of mass recirculated.
In effect, the CTRZ acts as an ignition source for the surrounding streamtube
flow, and on a quasi-2-D basis the CTRZ appears to well represent the actual
physical processes occurring within the combustor.

The proportion of air from axial and/or radial swirlers to each of the sur-
rounding streamtubes is determined by COSMIC, while the proportion of the fuel
spray to each streamtube is determined through radial patternation of the fuel
nozzle. Cooling air (shown as zone 3 in Figure 16) can be assigned its own
streamtube. Conversely, if detailed spray patternation is not available, the
flow field is usually described by one external streamtube and the model con-
siders the flow to be swirling about the radius of gyration of the flow field.
The proportion of air and fuel initially assigned to each streamtube remains
invariant. Mixing between streamtubes is not allowed, rather the area assigned
to each streamtube varies in proportion to the gas phase evolution (continuity
requirements) within the streamtube. External mixing of the recirculating
combustion products from each streamtube to and from the CTRZ and of tne pri-
mary, dilution, and trim air jets to the streamtubes is, of course, allowed.
Recirculating combustion products are withdrawn from the streamtubes in a re-
gion just prior to entry of the primary air jet. The air jets' penetration
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and mixing rates were equated to expressions describing the centerline temper-
ature "decay"” rate of the jets (Ref 12) and have been subsequently modified
through comparisons with 3-D aerodynamic analyses. Provision tor jet colli-
sions has been incorporated. Film-cooling air in the single-streamtube mode
is mixed into the streamtube by input specification, usually linear in nature.

The spray and gas phase conservation equations in the streamtubes are fuliy
coupled, and while the model treats radial swirlers (in the single-streamtube
mode), jet mixing, and film cooling in a semi-analytical/empirical manner, the
physical and chemical aspects of the reacting flow are treated in great de-
tail. The model includes real fuel and combustion gas properties, effects of
injector type on atomization and drop-size distributions, detailed droplet
dynamics, and multistep chemical kinetics,

As the mcdel is quasi-2-D, a marching technique is employed to describe the
droplet drag, heaiing, vaporization, and subsequent chemically kinetic con-
trolled combustion yielding the gas phase combustion products. Since the pro-
perties of the recirculated combustion products to a large extent determine
the properties of the CTRZ gas (which in turn establish the initial mixed gas
conditions within the streamtubes), an iterative marching analysis from the
injector to the primary jet plane is employed until the computed temperature
of the CTRZ converges tc within 0.09°C (0.05°F). After this convergence has
occurred the remainder of the combustor is analyzed.

The model has broad application to both can and annular combustions; the
streamtubes are circumferentially uniform but may taks any shape as only an
area specificatinon is required to solve the axial spray and gas phase con-
servaticn equations. An approximation is necessary only when droplet aud gas
phase angular momentum and radial pressure gradient are computed in a sector
portion of an annular combustor. To eliminate the 3-D profile of the swirl
velocities, an equivalent hydraulic diameter of the sector is used (o compute
swirl moment arms in the angular momentum equations. This does not alter that
portion of the program that computes jet penetrations based on sector height
and axial flow field considerations.

3.1.1 Real Fuel Properties

Currently, properties of eight different fuels have been assembled, curve
fitted, and coded. These include hoth the liquid and vapor transport and
thermodynamic properties of fuels ranging in characterization from JP-4 to
DF-2 and ERBS 11.8. Specific properties correlated to temperature (Appendix
A) include the following:

0 liquid droplet
0 «olal mass
o density
specific heat
enthalpy {including enthalpy of fcrmation}
vapor pressure
heat of vaporization
themal conductivity
absolute and kinematic viscosity
surface tension

[T » 2NN » B o B o N o B o]
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o droplel vapor

0 molal maus
specific heat
enthalpy (including enthalpy of formation)
thermal conductivity
entropy (including entropy of formation)
absolute viscosity

O 00 0O

3.1. Combustion Gas and Droplet Film Properties

Ins

The detailed droplet dynamics model developed for use in STAC-1 requires
knowledge of the mixed droplet vapor and combustion gas propert.es at the
droplet film temperature. This temperature is computed from the addit!on of
2/3 of the droplet temperature and 1/3 of the combustion gas temperature and
has been found to best correlate experimental data obtained under convective
conditions (Ref 13). The film mixture properties are obtained by combining
drop vapor and combustion gas properties at the filw temperature using the 1/3
rule of Sparrow and Gregg (Ref 13). Using this rule, the film fuel and com-
bustion gas mole fractions are determined in a manner similar to the one used
to determine film temperature. Fiim thermodynamic properties can then be
directly computed; however, the computation of the film t.-ansport properties
(viscosity, thermal conductivity, and the multicomponent diffusion ccefficient
fer the fuel vapor) is considerably more complicated (RKef 14). Specific com-
bustion gas and mixed film properties computed as a function of temperature
and pressure include the following:

o combustion gas
o gpecific heat, composition
0 molal wmass
o thermal conductivity
o absolute viscosity
o droplet film
o composition of film mixture
molal mass
density
specific heat
thermal conductivity
atsolute viscosity
vapor multicompunent diffusion coefficient

00000

3.1.3 Eifects of Injector Type on Spray Formation

The model uses the transport and thermodynamic properties of the liquid fuel
combined with detailed geowmetric descriptions of simplex, dual orifice, various
types of airblast injectors, and empirical correlations (Ref 5) to predict the
injected Sauter mean Jdiameters (SMD) of each spray cone. Eacn fuel spray cone
is further characterized by a 10-drop group initial drop-size distcibution
about the SMD. The spray drop-size distribution utilized is that of Rossin-
Rammler.

3.1.4 Improved Droplet Dynamivs and Chemiial Kipetics Submodels

The improved droplet drag, heating, and vapcorization submodel is based on work
originally performad for the Space Shuttle Mair Engine development (Ref 15).
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The subiodel has been updated to include multicomponent hydrocarbon fuel com
position and uses drag coetficients, at the lower Reynolds numbers (« 200),
more vepresentative of the flow field within gas turbines (Ref 1¢};. The suhb-
model employs ihe real fuel properties desgsuribed earlier and recognizes that
when a liquid spray is injected into hot combusting gases, the initial rate of
evaporation is low and mos: of the energy transferred to the drop from its
surroundings is used in heating up the drop. As the liquid tewmperature rises,
the vapocr concentraticn at the drop's surface increases and a larger propor-
tion of the heat transferred to the drcp is used to supply the latent heat of
vaporization., Eventually the drop may attain its wet-bulb temperalure, and
from then on the rate of evapsration remains nearly constant at its maximum
value.

These effects are well illustrated in Figure 17, which presents ITAC-1 predic-
tions of Jet-A spray droplet diameter and temperature variatiors with axial
length. The resulting flow field in these computations is representative of
that within a Model 250-C30 baseline configuration combustor opecating at the
maximum power condition. The predicted injected spray distribution simulates
a dual orifice pressurized atomizer injector having both a pilot and main noz-
zle flow. The injected spray for both nozzle flows was characterirzed by a
10-drop group initial drop size distribution about the SMD of each flow, ar
previously described. Selected values of drop diameter and temperatures for
both the pilot and main spray flows are shown in the figure. The values are
representative of the smallest (1), mean (4), and largest (10) initial drop
group size for each spray. The mean value {(4) depicted has nesrly the same
diameter as the injected SMD. Despite the length of the Model 250-C30 the
largest droplet not completely vaporized at the combustor exit plane is 33
microns in diameter. However, because this droplet represents (337201)3 of
1/1C of the injected main spray mass flow, only 0.35% of the total flowing
spray mass has not been evaporated. Nevertheless, predictions such as these
can aid designers in the selection of injector types and indicate the combustor
size required for complete combustion.

The entire set of cotiservation equations for the spray field, and the coupled
gas phase conservation equations of masc and axial and angular momentum, were
solved using an optimal solution =2lgorithm for these hydrodynamic equations,
all of which are interrelated by weakly linked source terms. The remaining
species and enthalpy conservation equations must then te solved, point by
point, for simultaneous determination of all the local ithermochemical varia-
bles, species mass fractions, and temperature (T). However, the species and
enthalpy (thermochemical) equations have strongly linked, nonlinear source
terms, particularly under fuel-rich conditions, and form a set of highly "stiff
differential equations.™ The salution of these equatiuns requires an optimal
algerithm different from that used in solving the hydrodynamic equations.
Convargence problems were first encountered in attempting to attain a correct
Acrrhenius type solution that yielded accurate and consistent values of tthe
species mass fractions when the oxygen concentration was near zero (fuel rich).
This problem was resolved by using an updated version of CREK (Ref 17) to solve
the thermochemical conservation equations.

The new field values of species mass fractions, temperature, znd mass density,
obtained from the aquation of state, are then used to rcdetermine the hydrody-
namic solutions. This superiteration bLetween hydrodynamic and thecrmo-chemical
fields is repeated until pointwice (at each node) cunvergence on temperature
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is achieved. The chemical sour<e term in each species conservation equation

{s calculated in this procedure at the mean local temperature. The optimal
algorithm for the thermochemical equations (with strongly linked, nonlinear
source terms) and the optimal algorithm for the hydrodynamic equations (with
waakly linked scurce terms) combine to provide a rapidly cenverging code when
CREX's new asymptotic estimate apptroach is used. CREK is one of four available
codes capable of both accurately predicting the resulting species and reaching
a converged solution under high temperature, fuel rich exothermic conditions

(Ref 18).

A version of CREK, employing a single-global decompcsition mechanism of the
fuel to Hy and €O and full kinetlcs thereafter, was successfully developed

and incorporated into STAC-1. The code soives for 15 species using L7 step
chemistry as illustrated in Table XI. Jet A isx used in the example but any of
the other hydrocarbon fuels (with appropriate Xinetic rate adjustments) could
be reprasented similarly.

Table XI.
Cremical kinetic mechanism,
1 Jet A + 02 ey G0 + H2
2 co + OH BN ¢l ¢ + H
3 CO2 + M a0 + 0 + M
4 H + OH --———-a}{z + 0
5 HZO + M e —0H H + M
o H + HO2 se——p0H + 0311
? ol + H2 —e H20
8 H + 0 + M ~——30H + M
9 OH 3 0 ——3H + 0?
10 H + 02 + M ———3HO ¥ |
PA
11 OH + “H -—-—~--»HZO + 0
a2 CH + N =B H + NO
; . SO
13 H + N20 —5CH 1 Nz
14 N + NO ——3l,, 4
15 N + 0. e =ty WO + 0
“
16 N20 + G e NO * NO
17 Nzc + M _u__+N2 + 0 + M
Chemical species--15
Jet A <o C,'Oz H Hz HZO H()2 N
NO nwz N}_ N2 0 0 OH 02
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The resulting gas phase flow-field temperature and combustion efficlency (cor-
responding to the conditions specified for the results previously shown in
Figure 17) as a function of axial combustor length as predicted by STAC-1 are
illustrated in Figure 18,

The emission indices (E1) for NOy, CO, and UHC as & function of axial com-
bustor length at the maximum power condition are presented in Figure 19. Nor-
mally, the values of the overall comburtion efficiency and emission indices
are stated at the exit plane of the combustor where the combustion reaction
has either gone to completion or hes been quenched. Combustion efficiency and
emission indices, presented as a function of combustor length in Figures 18
and 19, are of interest only in that they show how these respective parameters
vary as functions of the degree of reaction within the combustor along its
icngth, The values of the ccmbustion efficlency and emission indices at the
combustor exit are those that represent the actual efficiency produced by and
emissions exiting from the combustor.

The Jet A performance efficiency and emissions were checked against 250-C30
baseline engine data at maximum power and ground idle operating conditions and
showed good correlation. Comparisons are listed in Table XII.

Table XI1.
Jet A performance at max power and ground idle Model 250-C30 baseline
configuvetion,
Measured Predicted
Max power
UHC---EX 0.2 0.26
CO--El 7 4.99
MO, --EI 9 13.3
Efficiency--% 99+ 99.8
Ground idle
UHC--EI 100-150 70.2
CO--El 100-150 100.3
MO, - -EI 1 0.88
Efficiencv--% 91 90.6

These comparisons were considered sufficient to verify the use of the detailed
droplet Zynamics and CREK chemistry submodels in STAC-1. The comparisons were
also sufficient to verify STAC-1's overall use as an initial design code.

Both the axial variation of the combustor residence times of representative
Jet A spray droplets and the total and gas phase equivalence ratjos at the
maximum power condition are presented in Figure 20. The residence time for
Lthe mean injected diameter of the main nozzle flow droplets is nesrly three
miliiseconds, while that of the largest droplet is nearly seven milliseconds.
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Figure 1B. Gas phase temperature and overall combustion ef’iciency
variation with axial length--STAC-1 prediction for flow field conditions
of Figure 17.
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Figure 19. Emission index for NO,, CO, and UHC, variation with axial
length- -STAC-1 predictions for flow field conditions of Figure 17.

The total equivalence ratio includes the liquid spray, while the gas phase
equivalence ratio is based solely on the vaporized (and partially or com-
pletely reacted) spray. It is interesting to mote that the gas phase equi-
valence ratio is nearly stoichiometric at the plane of the primary jets. This
is an indication that the 250-C30 design has evolved into a very stable and
high performance combustor at the maximum power operating condition. The
equivalence ratio of the central recirculating zone (CTRZ) is also nearly
stoichometric and the temperature within it is 2154°C (3909°F). This high
temperature is due to a portion of the spray nozzle flows being injected into
the CTRZ and indicates good combustion stability, lean-blowout, and ignition
characteristics.

Representative Jet A spray droplet and combustion gas axial and tangential
(swirl) velocity variations with combustor length ares presented in Figure 21.
The pilot flow, by design, produces small droplets by employing a high pres-
sure drop across the tip of the simplex pilot nozzle. This results in high
initial velocities for the pilot spray, usually exceeding the combustion gas
velocity. Because the pilot spray droplets are so small, they rapidly ap-
proach the gas velocity as they vaporize. One to two micron droplets follow
the gas flow field exactly, but after attaining that size they vaporize within
less than 0.127 em (0.05 in.). The main nozzle spray droplets (from this dual
orifice injector) are injected at velocities closer to the initial gas velozi-
ty; but because of their larger size and decreased velocity relative to the
gas flow, the drag force has a smaller effect on these droplets. The axial
velocity of the largest droplet (10) of the main spray flow is nearly unaf-
fected by the gas flow field until the droplet has sufficiently vaporized so
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its remaining mass (Figure 17) is quite small. At this point, 25.4 cm (10
in.) down the combustor, the drag force (which is also increasing due to in-
creased axial gas velccity) now has an appreciable effect on the droplets'
trajectory.

As power is decreased, the injected velocity Aifference between the pilot and
main nozzle fuel spray fiows is increased. For exampie, at ground idle the
pilot nozzle spray has a velocity of neariy 46/meter/sec (150 ft/sec), while
that of the main nozzle spray is only 4.6 meter/sec (15 ft/sec). These re-
sults are for dual orifice injectors. When hybrid sirblast injectors (air-
blast with simplex pilot) are used, which is the case for the three remaining
candidate combusters, the diflerence between the injected velocities of the
pilet nozzle and the main filming nozzle fuel spray flow is larger at nearly
all operating conditions. This is due to the fact that Lhe film velocity from
the main nozzle ranges from about 2 to 30 m/sec (6 to 100 Ift/sec) depending on
ths power level and combustor type. Small dreplets in the fuel film are
rapidly accelorated by the sirblast air velocity. However, partizularly at
iower power levels, a smaller pilot nozzle spray druplet often travels further
downstream Defore being totally vaporized than a larger, slower moving main
nozzle spray droplet. Propei interpretation of graphical results requires the
consideration of the large difference in the pilot and main nozzle injected
droplet velocities, This phenomenon also occurs when dual orifice injectors
dre used. Graphical presentations for Jet A and DF-2 in Appendix B, similar
tn those in Figures 17, 13, 19, and 20, raflect this phencmenon.

3.2 APPLICATION OF THE COMPUTER ANALYSIS (STAC-I) TO THE FOUR FINAL COMBUSTOR
CONCEPTS

Each of the four final combustor candidates was analyzed using STAC-1. The
analysis was performed for the takeoff, cruise, air taxi, descent, and ground
idle conditions listed in Table 1. These pewer conditions were sufficient to
represent the entire operating cycle of the Model 2%0-C30 combustor. The re-
acting flow fields within each of the four combustors, resulting from the
combustion of five different fuels--Jet A, ERBS 12.8, ERBS 12.3, ERRS 11.8,
and DF-2--were predicted by STAG-I for gach of the different power levels.
Overall airflow rates (Table I) to the individual combustors at similar power
settings remained unchanged. Fuel flow rates were varied by the ratio of the
lower heating value of each fuel to that of JP-4 sc that, when used in an en-
gine, power output would remain unchanged. Fuel injection temperature for the
250-C30 combustor also remains nearly unchanged, 121°C (250°F), with power
level. This fuel injection temperature was assumed to apply for all fuels at
all operating conditions, regardless of combustor concept.

Burner inlet pressures and temperatures at each power level also retained
their values as presented in Table I. 1In addition to the use of different
fuels, the major changes in the analysis occurred due to consideration of the
different geometries and the airflow management (around the liner) of each of
the four individual combustors. 1In total, more than 100 separate caces were
analyzed using STAC-1, as some of the initiai model checlkout analyses were
performed using JP-4 and JP-5 fuels.




3.2.1 Computation of the Size of the Central Recircutation Zone

Additionally, Allison's 2-D axisymmetric elliptic flow code, COSMIC, was used
to obtain the size ot the CTRZ. For the baseline (dual-orifice injector) case.
COSMIC was employed to determine the size of the CTRZ at each of the five power
levels being considered. (A sample case for the maximun power condition is
presented in Figure 91 in Appendix B.) COSMIC uses a weighted average of
single- step chemistry and a Lwo-equation (k-¢ type) turbulent mixing exprec
sion to determine both the rate at which fuel is consum2d and the resulting,
reacting flow field within the combustor. Because of COSMIC's axial symmetric
nature, the effect of primary, dilution, and trim jets on the flow field cannot
be analyzed (as these are threc-dimensional effects). Further, the fuel within
COSMIC is assumed to enter in a premixed, prevaporized state, so the model is
insensitive to fuel type. Nevertheless, COSMIC's use to approximate the size
of the CTRZ is sufficient for the analysis being considered. The size of the
CTRZ is less important than the amount of mass within it, and this latter term
is computed internally within STAC-1 as previously described.

Application of the COSMIC code to analyze the recirculating flow fields within
the three airblast-injected combustors resulted in little change in size of
the individual combustors CTRZs over their entire operating power range. Con-
sequently, for these combustors, the size of their CTRZ at maximum power, as
shown in Figures 92, 93, and 94, raspectively, in Appendix B, was used to rep-
resent th2ir CTRZ size at all power levels. The CTRZ size differs, of course,
for each individual <ombustor. The CRTZ size used in the variable geometry
combustor concept represents an exception to this application of COSM1C. The
descent and ground idle operating conditions employed variable geometry set-
tings that resulted in full closure of the radial swirler. The flow field at
these conditions is similar to that within the short prechamber combustor.
Consequently the short prechamber CTRZ size was used to represent the veclume
nf the CTRZ within the variable geometry combustor at low power levels.

3.2.2 Combustor Geometric Conditions-Liner Airflow Management Effects

The different operating characteristics of each combustor is best illustrated
by descriving the air masg management (flow distribution) around each of the
liners similar to that presented in Figure 6 for the baseline configuration.
These air mass distributions were input directly to STAC-1, along with the in-
dividual geometries of each combustor. Total fuel flow rates for each fuel at
the differeni operating conditions were determined by employing the ratio of
the lower heating value of the fuel to that of JP-4 and multiplying by the JP-4
total fuel flow rate listed in Table 1. Both the dual orifice and (hybrid)
airblast injectors employ a simplex pilot nozzle. The geometry and operating
characteristics of this pilot nozzle remained invariant for all of the combus-
tor configurations. Flow rates to, and tip delta pressure across, the simplex
pilot were taken to be the same as that calculated for the taseline configura
tion at each of the various power levels for each of the fuels. This was done
to aid proper ignition characteristics and lean-blowout operation at and below
the idle power condition (the Model 250-C30 baseline configuration has excel-
lent combustion stability) of each of the combustor candidates and to eliminate
additional, unnecessary variability among the combustors when comparing results
from the STAC-I analyses. The geometric conditions of interest and the airflow
management around the liner (in percent of total air mass flow) of each combus
tor candidate are presented in Table XI1II1. Where possible, geometric conditions
were kept as similar as possible to facilitate comparisons among the combustors.
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Table XII1.

Combustor geometric conditions and liner airflow management (% of total

Parameter

HUB1D- - in.
HUBOD- -in.
ASLHUB- - in,
ASLTI1P- - in.
SWLAAS- - deg,
PCID-  in.
RRS-- in.
SWLARS- - deg
DSLHUB-- in.
DSLTIP--in.
SWLADS-- deg
DIJETP--in.
WDOTAS--%
WDOTAF--%
WDOTRS- - %
WDOTDS- - %
WDOTFC (1)--%
WDOTFC (2)~-%
WDOTNL- - %
WDOTSL---%
WDOTFC (3)--%
WDOTPJ--%
WDOTFC (4)~ %
WDOTSJ- -%
WDOTDJ- -%

air mass flow).

Combustor
Short Piloted Variable

Baseline prechamber prechamber geometry
0.945 0.945 0.945 0.945
1.173 1.173 1.173 1.173
1.550 1.550 1.550 1.550
2.872 2.872 2.282 2.872

70 76 .45 70 78.315
2.936 2.936 2.282 2.936

- - -~ - 1.468

- - - 55

- - 3.0 - ..

-- - 3.438 --

- - 70 ..

5.68 5.68 5.68 5.68
13.74 8.39 6.0 5.38
0.29 5.64 5,93 5.64

- - - 0*.-20*)0:,
- - 5.74 .

4,38 - - - -

11.64 -~ - -

- 3.57 3.57 3.57

-- 10.42 10.42 10.42
4.96 - - -

9.98 16.97 9.98 9.98
11.71 11.71 11.71 11.71
37.79 37.79 A41.14 27.79%%_ 47, 79%
5.51 5.51 5.51 5.51

*Radial swirler fully closed
**Radial swirler fully open

HUBID
HUBOD

ASLHUB

ASLTIFP

SWLAAS

PC1D
RRS

Hudb internal diameter, houses the fuel injector--in.

Hud outer diameter, forms the inner portion of the external
streamtube flow--in.

Inlet axial swirler inner diameter or hub--differs from the
HUBOD due to metal thickness--in.

Inlet axial swirler tip diameter, differs from the pre
chamber internal diameter due to metal thickness--assumed
same as PCID for piloted prechamber-- in.

Inlet axial swirler swirl &ngle as measured from the cen-
terline of the combustor--deg

Prechamber internal diameter sur-ounding axial swirler- in.
Radius of radial swirler entrance--half of prechamber in
ternal diameter--in.




SWLARS
DSLHUB
DSLTIP
SWLADS
DIJETP
WDOTAS
WDOTAF
WDOTRS
WDOTDS
WDOTFC
WDOTFC

WDDTNL

WDOTSL

WDOTFC

WDOTPJ

WDOTFC

WDOTSJ

WDOTDJ

(1)

(2)

(3)

(4)

How

M

Table XI11. (cont)

Radial swirler swirl angle as measured from a diametric
line through the prechamber centerline--deg

Downstresm axial swirler hub inner diameter--in,

Downstream axial swirler tip outer diameter--in,

Downstream axial swirler swirl angle as measured from the
centerline of the combustor---deg

Internal diameter of the combustor liner at the plane of
the primary jet--in.

Percentage of total airflow through the inlet axial swirler
Percentage of total airflow through the fuel injector
Percentage of total airflow through the radial swirler
(variable geometry concept only)

Percentage of total airflow through the downstream axial
swirler (piloted prechamber conzept only)

Percentage of total airflow through the first film cooling
slot (baseline concept only)

Percentage of total airflow through the second film cooling
slot (baseline concept only)

Percentage of total airflow “hrough the Lamilioy forming
the normal walls of the combustor liner inner diameter
sudden expansion from the prechamber diameter (all concepts
except baseline)

Percentage of total airflow through the Lamilloy forming
the side walls of the combustor liner following the sudden
expansion (all concepts except baseline)

Percentage of total airflow through the third film cooling
slot (baseline councept cnly)

Percentage of total airflow through the primary jet holes
(all concepts)

Percentage of total airflow through the fourth film cooling
slot (Though denoted fourth, this is the only film cooling
slot on the modified and/or advanced combuastor concepts.
The number designation is for generalized usage in STAC-1,
all concepts)

Percentage of total airflow through the secondary jet
holes, all concepts. (Secondary usage here is equivalent
to the more common designation of dilution jet holes.)
Percentage of total airflow through the dilution jet holes,
all concepts. (Dilution usage here is equivalent to the
more common dosignation of trim jet holes.)




That portion of the combustor housing the fuel spray injector (dual orifice or
hybrid airblast) is denoted as the hub. An axial air swirler surrounds the
hub, the outside of which forms the initial diameter of the prechamber. The
hudb inner dimension (HUB1D), which contains the fuel spray injector, and the
hud outer dimension (HUBCD), which forms the inner portion of the externsl
streamtube flow, were held constant for all of the combustor configurations.
The prechamber initial diameter differed only for combustor concept No. 4--the
piloted prechamber. Similacly, the dimensions of the main filming nozzle of
the airblast injectors were held constant for all combustor cuncepts. The
cone angles for the pilot and main nozzle spray flows of the baseline, short
prechamber and variable geometry combustor concepts are both 90 deg, while
those of the piloted prachamber are 60 deg and 110 dep, respectively. The
cone angle of the pilnied prechamber’'s airblast start nozzle, which was used
in place of its main nozzle at idle conditions, is also 60 deg.

The Sauter mean diameter (SMD) for the pilot spray fuel flow for each com-
bustor concept is identical when compared at each operating condition. The
SMD differs for fuel type but is the same for each fuel. SMDs for the main
nozzle fuel flow differ with combustor concept even though the airblast in-
jector main nozzle dimensions are identical. Because of the air management
around each liner, dirferent amounts of air pass through that portion of the
airblast nozzle that atomizes the fuel film. Despite having identical burner
inlet pressures, the air management around the liner affects the liner annulus
pressure, and, hence, the available pressure difference through the airblast
injector. Lower pressure differentials produce lower air velocities which, in
an airblast injector, have a detrimetital effect on the quality of the spray
produced.

3.2.3 Summary--STAC-I Combustor Analysis

Summaries of the predicted results from STAC-I, which determined the flow
field within the individual combustors for each fuel type undergoin, reaction
at the various operating conditions, are presented in Tables XIV, XV, XVI, and
XV1I. The results presented in these tables clearly indicate that for these
combustor concepts most of the predicted effects of using broad-property fuels
such as ERBS 12.8, 12.3, and 11.8 are effectively bracketed at each operating
condition by the results obtained when Jet A and DF-2 are considered to be the
turbine combustor fuei. The major exception to this statement is the level of
NO, emission of the ERBS fuels as compared with those from DF-2. Under some
operating conditions within the various combustor concepts the NO, emission
levels from DF-2 exceeds that from the ERBS fuels and at times even that from
Jet A. This is primarily a result of the time-temperature history of the DF-Z
droplets as thev travel through the combustor and are exposed to the hot com-
bustion gases. A comparison of Figures 107 .v 109 and 110 to 112 illustrates
this phenomenoun.

Because of these and other effects, the predicted Jet A and DF- 2 maximum power
and ground idle flow fields within =2ach combustor concept are graph.cally de
picted in Figures 95 through 124, and 131 through 148 in Appendix B. These
figures show droplet diameter and temperature, overall and gas phase equiva
lence ratio, gas temperature, percent combustion efficiency, and emission
indices, as a function of combustor length. These graphic presentations are
useful in understanding the results presented in Tables XIV through XVII and
in the Analytical Results and Comparisons section.
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Table XVI!.

Summary STAC-1 variable geometry combustor predicted results.
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Appendix B also contains the Jet A and DF-2 graphical presentations for the
variable geometry combustor concept descent operating condition, Figures 125
through 130. As indicated in Table XV11, this; duscent cverating condition was
analyzed assuming the radial swirler to be fully closed. This assumption
resulted in 8 considerable increase in the predicted prechamber and primary
zone stolichiometry (equivalence ratio) and in the gas temperature in these
reglions, producing an excessive amount of NO, emission. This operating con
dition should have been analyzed with an intermediate variable geometry set-
ting producing more favorable equivalence ratios and lower NOy, emissions

than were predicted. Unfortunately, this anomaly was not detected until the
final report was in prograss and, thus, this data point is not representative
of the true flexibility of the variable geometry combustor concept. Neverthe
less, this anomaly does indicate the ability of STAC-1 to pradict both favora-
ble and unfavorable variable geometry positional settings as a function of
power level for this combustor concept.

The figures showing the piloted prechamber concept, 137 through 148 presented
in Appendix B, are also useful in understanding the predicted results (Table
XVI and Section IV) from this combustor. Spray from the piloted prechamber's
main filming fuel nozzle is unique in that it is deposited on the initial por-
tion of the prechamber walls, refilms, and is then subsequently reatomized by
the high velocity air exiting from the downstream axial air swirler. Heatling
and vaporization of this spray flow is not considered prior to the wall re-
filming process. Drag forces on this spray are considered, however, to allow
proper predictisn of the trajectory of the droplets, the film velocity, and
the subsequent reatomization process.

Axial locations of the important characteristics of each combustor concept are
also depicted in Figures 95 through 148 in Appendix B.

Finally, the results presented in Tables X1V through XV1I clearly indicate
that any deteriorated performance characteristic of the ERBS fuels and DF-2Z,
as compared with Jet A, are primarily due to the physical properties of the
fuels as they affect atomization. This is particularly true for the baseline
combustor. The maximum power operating conditions were recomputed for each
combustor concept ard each fuel type using the same SMDs as those predicted
for Jet A. The deteriorated baseline combustor performance of the ERBS fuels
and DF-2, Table X1V, was restored to nearly the level attained when Jet A was
used as the fuel. The thermodynamic properties of the fuels, therefore, have
little effect on performaunce; however, the physical properties, viscosity,
surface tension, and liquid density, as they affect the atomization process,
also determine the level of performance.

As expected, those combustors that employ airblast atomization are less sensi.

tive to the properties of alternate fuel type, and performance deterioration
can be nearly negligible (Tables XV through Xv1l).
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IV. ANALYTICAL RESULTS AND COMPARL1SON

Graphical presentations of the summaries of STAC-1 predicted results for the
flow fields of each combustor, as listed in Tables XIV through XVIl, are used
in this section to evaluate the relative merit regarding fuel type tolerance
of each combustor concept. This is accomplished through the use of cross
plotting to determine the relationships of the pilot and main SMD, combustion
efficiency, and emission indices to power level and fuel type for each com-
bustor concept. The relationships of these same parameters to power level and
combustor concept for each fuel type is then determined and these latter rela-
tionships are a direct indication of the sensitivity (or tclerance) of each
combustor concept to the fuel type undergoing reaction within it. Cowbined
with considerations of such items as ignition limits, lean-blowout stability,

- smoke, combustor durabllity, and pattern factor an analytically determined
ranking of the combusto~ candidates with regard to fuel type tolerance is pos-
sible.

. 4.1 BASELINE COMBUSTOR

The baseline combustor depicted in Figure 5 was determined to have the follow-
ing zonal stcichiometries (as equivalence ratios), Table VILl:

Takeoff
Prechamber ¢ = 1.60
Main primary ¢ = 1.09

Grouad idle
Prechamber ¢ = 0.86
Main primary ¢ = 0.58

The assumptions employed in the analysis (rerformed in Section II) would as-
sociate the prechamber equivaience ratio with the overall fuel spray avail-
able, while the main primary zone equivalence ratio would be considered to be
that of the reacted portion of the spray. This latter term is also denoted as
the gas phase equivalence ratio. These equivalence ratios may be directly
compared with those computed by STAC-I. The assumptions employed in the anal-
ysis of Section II produce little difference in predicted equivalence ratios
for JP-4 or Jet A fuels. STAC-1 computed takeoff and ground idle equivalence
ratios for Jet A fuel usage in the baseline combustor are presented in Figures
9¢ and 101 in Appendix B.

Takeof f--STAC-1
Prechamber exit overall ¢ = 1.77

Main primary jet plane gas phase ¢ = 1.07
Ground idle--STAC-I

Prechamber exit overall ¢ = 0.82

Main primary jet plane gas phase ¢ = 0.53

The takeoff and ground idle equivalence ratios computed by the two methods ex-
hibit excellent agreement. The flow computations from STAC-I are more detailed
and exact than the simplistic assumptions used in Section 11I. Nevertheless,
the agreement is sufficient to validate the approach used in Section 1I to
accomplish the initial ranking of the combustors.
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The relationships ot the pilot and main nozzle fuel spray SMDs to combustor
power level and fuel type are presented in Figures 22 and 23. These spray
nozzles are simplex (combined to form a dual orifice) and are quite sensitive
to fuel properties. The SMDs decrease with power level (higher nozzle AP)

and with use of fuels liaving low viscosity and surface tension. SMDs for the
ERBS fuels are hracketed by those for Jet A and DF-2 fuele. S8ince increased
combustion efficiency and decreascd unburned hydrocarbon (UHC) and carbon mon-
oxide (CO) emissions are usually inversely proportional to the SMD, the re
sults presented in Figures 24, 25, and 26 4re, with one exception, those ex:
pected. The single exception is the ground idle power level CO emissions
level for the ERBS and DF-z fuels. Normally CO emissions continue te increase
with decreasing power level in the same manner as the unburned hydrocarben
emissions. Figures 104, 105, and 106 (Appendix B) indicate that the gas phase
reaction within the baseline combustor flow field at the ground idle power
level ceases in the latter third of the cowbustor. This is normally the loca-
tion during which CO is formed due to added oxygen from the dilution jets, but
not further oxidized to CO; becuuse of the luw gus tamperatures at these de-
creased power levels. The ground idle power level for the ERBS and Dr-2 fuels
appears to be an extreme case where tlie temperature in the final third of the
cembustor is so low that the reaction of the fuel to form CO is nearly unonex-
istent. The lack of increase of the corbustion efficiency in this region,
while a significant quantity of spray still remains, corfirms this observation.
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Figure 22. Pilot nozzle Sauter mean diameter as a functien of power level
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